![The summary of androgen-AR roles in the development of 4 immune cell types including neutrophils, macrophages, T lymphocytes, and B lymphocytes.\
This cartoon describes the roles of androgen/AR signaling during the development of these immune cell types as deduced from phenotypic observations of the ARKO mice indicated in the figure. The potential AR downstream regulatory molecules or mechanisms in these 4 immune cell types are also illustrated.](nrs11001.f1){#fig1}

![AR roles in metabolic syndrome and cardiovascular diseases (CADs).\
Total ARKO (T-ARKO) mice displayed a greater extent of metabolic abnormalities including obesity, dyslipidemia, insulin resistance, and leptin resistance compared to Wt mice. The AR roles in various cell types for development of these metabolic abnormalities are deduced from the phenotype observations in neuron-specific ARKO (N-ARKO), hypothalamus-specific ARKO (Hyp-ARKO), hepatocyte-specific ARKO (Hep-ARKO), and adipocyte-specific ARKO (A-ARKO) mice. In CADs, T-ARKO mice have increased atherosclerosis plaque formation, but completely abolished aneurysm development. The AR roles in different cell types for CADs are deduced from observations in myeloid cell-specific ARKO (Myl-ARKO), smooth muscle cell-specific ARKO (SM-ARKO), and endothelial cell-specific ARKO (End-ARKO) mice. An up arrow indicates increase, whereas a down arrow denotes decrease in a metabolic abnormality or CAD symptom compared to Wt mice. The minus sign indicates no significant difference was observed between the specific ARKO and Wt mice.](nrs11001.f2){#fig2}

Introduction
============

Since the testicular male sex hormone (later named testosterone) was discovered in the late 1920s, its structure has been revealed, purified, crystalized and synthesized successfully \[[@r54]\]. Testosterone can be converted to the more potent metabolite, 5α-dihydrotestosterone (DHT) \[[@r175]; [@r176]; [@r21]; [@r22]\], and further studies led to the conclusion that testosterone/DHT might exert their functions *via* binding to the androgen receptor (AR) \[[@r9]; [@r21]; [@r22]\]. The cloning of the AR in 1988 \[[@r32]; [@r33]; [@r116]; [@r188]; [@r191]\] revealed it belongs to the nuclear receptor superfamily. Binding of testosterone/DHT to the AR leads to a conformational change of the receptor and translocation of the androgen/AR complex from the cytosol to the nucleus to elicit transcriptional regulation of target genes, which can be further modulated by various AR coregulators \[[@r70]; [@r71]; [@r213]\]. Importantly, androgen/AR signaling can also function through interaction with other proteins to exert its non-genomic functions \[[@r61]; [@r72]\].

Studies of prostate cancer (PCa) patients with anti-androgen therapy and androgen ablation therapy with surgical/chemical castration in past decades have revealed that androgen/AR signaling mediates many physiological and pathophysiological processes in various tissues/organs. The discovery of X-linked testicular feminization (Tfm) mutation in mice \[[@r117]\], which exibit insensitivity to androgens \[[@r145]\] has provided an excellent model for studying human complete androgen insensitivity syndrome (CAIS). Both the Tfm mice and CAIS showed inactivation of AR and displayed female genital phenotypes with cryptic testis, and lack of male external genitalia and accessory sex organs. Despite differences in circulating levels of testosterone and estradiol (E2), many physiological and pathophysiological roles of AR in various specific tissues or cell types could not be addressed from the studies with Tfm mice. The successful generation of the first cell type- or tissue-specific AR knockout (ARKO) mouse model \[[@r214]\] was thought to be the solution. Studies of these specific ARKO models would not only lead us to confirm the early *in vitro* studies, but also allow us to study *in vivo* pathophysiological roles of AR in specific cell types or tissues, which in turn, may help us to develop better therapies *via* targeting unique AR roles in selective cell types or tissues in the future.

This review summarizes physiological and pathophysiological roles of AR obtained from the various ARKO and a few AR knock-in (ARKI) mouse models (**[Supplementary File 1](#supplementary-material1){ref-type="supplementary-material"}**). The possible impacts of these *in vivo* studies on various androgen/AR-related diseases will also be discussed.

Generation of ARKO mouse models
===============================

The success of conditional gene knockout using Cre-loxP recombination strategy depends heavily on the choice of the promoter to drive Cre recombinase expression and proper design of the floxed target gene with appropriate insertion of loxP sites in the introns of the target gene. Several strategies to generate total ARKO mice are discussed below.

The first ARKO mouse was developed by applying human β-actin-Cre (*ACTB-Cre*) to knock out the AR in all tissues using an exon 2-floxed AR \[[@r214]\]. The floxed AR transgene was formulated by inserting loxP sites near the end of intron 1 and the beginning of intron 2, so that the wild type (Wt) AR protein will be expressed in floxed AR mice without altering mRNA splicing. The floxed AR mice have not displayed any overt phenotype or abnormal hormonal profiles compared to Wt littermates in many studies. After Cre-mediated deletion of exon 2, exon 1 will be linked to exon 3 and create an mRNA sequence coding for several unrelated amino acids before reaching two premature stop codons at new amino acid positions 533 and 534 in exon 3. Such a mRNA structure was unstable and subject to nonsense-mediated RNA decay \[[@r87]\]. Similar AR mRNA instability in Tfm mice has been reported \[[@r34]\]. Due to ubiquitous expression of actin in all cell types \[[@r106]\], the ARKO mice generated with *ACTB-Cre* would lead to a total AR knockout in the whole body and the phenotype manifestations observed in these mice would be due to complete loss of the AR in all tissues. This mouse model will be referred to as ARKO(*ACTB-Cre*).

The second ARKO mouse model developed by Sato *et al* used the Cytomegalovirus promoter-Cre (*CMV-Cre*) and an exon 1-floxed AR \[[@r169]\]. The design of the exon 1-floxed AR also did not alter the AR mRNA splicing and allowed for expression of Wt AR protein. The exon l-floxed AR mice showed no overt phenotype compared to Wt mice. Similarly, Murashima *et al* employed a CMV enhancer/chicken β-actin promoter-driven Cre (*CAG-Cre*) mouse \[[@r165]\] to cross with the AR exon 1-floxed mice \[[@r134]\]. These CMV and CAG enhancer-driven Cre-generated ARKO mice are referred to as ARKO(*CMV-Cre*) mice and ARKO(*CAG-Cre*) mice, respectively. Complete loss of AR functions was observed in all tissues with *CMV-Cre* or *CAG-Cre* expression in these mouse models.

De Gendt *et al* used phosphoglycerate kinase-Cre (*PGK-Cre*) mouse, in which the Cre activity is driven by an early acting *PGK-1* promoter to mediate conditional gene knockout in all organs \[[@r105]\], and crossed with exon 2-floxed AR mouse to generate total ARKO mouse \[[@r45]\]. This mouse model is referred to as ARKO(*PGK-Cre*).

Notini *et al* employed a *CMV-Cre* mouse line \[[@r141]\], in which the Cre recombinase is driven by a minimal CMV enhancer-promoter \[[@r174]\], to cross with an exon 3-floxed AR mouse designed to excise AR exon 3 encoding the 2^nd^ zinc finger of AR-DBD domain, but deletion of exon 3 will result in an in-frame translation of the remaining AR protein. Such knockout mice still express a mutant AR with almost the entire AR protein except missing the 2^nd^ zinc finger in all tissues. As discussed later, this truncated AR^-zf2^ protein may interact with various AR coregulators and/or other nuclear receptors or transcription factors \[[@r70]; [@r71]\]. Therefore, the phenotypes displayed by this mouse model might not be similar to those found in other ARKO mice \[[@r141]\] . This mouse model is referred to as AR^-EX3^(*CMV-Cre*).

Holdcraft and Braun developed other ARKO mouse models using synaptonemal complex protein 1 promoter driven Cre (*Sycp1-Cre*) or adenovirus EIIa promoter driven Cre (*EIIa-Cre*) (both are capable of global recombination) \[[@r76]\]. They used an AR exon 1-floxed mouse in which the transgene was constructed by inserting the loxP sites around AR exon 1 in a way that would result in inverted exon 1 transcription upon recombination, leading to the expression of a stably inverted AR exon 1-neomycin fusion mRNA with reading frame shift at the AR-neomycin junction for translation of only the AR N-terminal fragment \[[@r76]\]. These ARKO(*Sycp1-Cre*) and ARKO(*EIIa-Cre*) mice exhibited Tfm phenotypes, but characteristics other than this phenotype difference have not been further studied.

Several important aspects pertaining to the strategies of generating various ARKO mice need to be addressed. **First**, specificity and strength of the Cre transgene need to be determined for proper interpretation of the different results obtained from various global ARKO or cell type-specific models. For example, it has been shown that the CMV enhancer-promoter could at best drive gene expression only in 24 out of 28 tissues examined, failing in liver, lung, muscle, and pancreas \[[@r171]\], a property contended by Su *et al* for their *CMV-Cre* mice. CMV enhancer-promoter \[[@r185]\] also had various efficiencies, being relatively weaker in the uterus, ovary, and breast than in the testis, heart, and brain \[[@r171]\]. The *CMV-Cre* mice \[[@r141]\] were claimed to have effective ARKO in all organs \[[@r174]\] and another *CMV-Cre* line capable of mediating low levels of Cre expression in the liver, lung, and muscle has also been reported \[[@r123]\], suggesting that different *CMV-Cre* constructs might have different Cre expression. On the other hand, *ACTB-Cre* has been shown to mediate ubiquitous embryonic recombination of Rosa26 reporter transgene \[[@r106]\], and *PGK-Cre*, *Sycp1-Cre*, and *EIIa-Cre* were capable of global gene knockout. These contrasting results suggest that each *Cre* transgene may have different excision strengths in different tissues/organs or cell types. As many studies reviewed here failed to determine the extent of AR knockout in the particular tissues/organs or cell types, it will not be easy to precisely describe the different phenotype manifestations among various global ARKO mouse models in the context of knockout efficiency. It should be noted that an ideal complete specific gene knockout may not be achieved in all specific ARKO models. However, the observation of a specific, but partial ARKO with phenotypes significantly different from the Wt, should allow the conclusion that the AR plays a significant role in the specific cell type to affect a phenotype manifestation.

**Second**, it should be noted that males in all of the above-mentioned ARKO mouse models exhibited female-like external genitalia, small undescended testes, and lack of male external genitalia and auxiliary sex organs as seen in Tfm mice and human males with CAIS due to AR knockout. It was noted that male general ARKO mice \[[@r141]; [@r169]; [@r178]\] and Tfm mice exhibited very low circulating testosterone levels \[[@r135]\] as opposed to human CAIS patients known to display normal male testosterone and elevated estrogen levels. Together, the common feature of abnormal sex development seen in these mice and CAIS patients appears to be due to the loss of AR activity despite their different hormonal profiles. Moreover, since AR^-EX3^(*CMV-Cre*) \[[@r141]\] and AR^-EX3^(*Sox2-Cre*) \[[@r178]\] mice had the AR genomic function ablated, it appears that AR genomic function is essential for normal development of male sex organs as concluded earlier \[[@r141]\]. It should be pointed out that increasing numbers of human patients with Tfm phenotype, without involvement of any mutation in the AR gene, have been reported \[[@r62]\]. It is not clear at present whether the Tfm phenotype in these patients is caused by mutations in other genes, such as AR coregulators, which result in complete inactivation of the AR. Therefore, presentation of the Tfm phenotype does not necessarily indicate the presence of AR-inactivating mutations. Similarly, incomplete AR knockout in tissues and organs may not prevent manifestation of Tfm phenotype. Therefore, presentation of Tfm phenotype alone may not be simply regarded as an indication of complete ARKO in the model.

**Third**, the exon 1-floxed AR transgene of Holdcraft and Braun could be a hypomorphic AR allele \[[@r76]\], due to the presence of the PGK-neo cassette \[[@r124]\]. Their floxed AR male mouse already exhibited small testes and seminal vesicles, abnormally high levels of testosterone, global reduction in AR levels, and substantial decrease in epididymal sperm counts compared to Wt mice \[[@r76]\] before crossing with a Cre mouse to knock out the AR in all types of cells. With an undesired background AR ablation, this exon 1-floxed AR mouse may not be an ideal precursor or control for generation of specific ARKO models for studying AR functions.

In addition, the male exon 3-floxed AR mice of Notini *et al* exhibited unexplained increases in the mass of kidney, seminal vesicle, lavator ani muscle, and heart compared to Wt littermates \[[@r141]\]. The abnormality of the exon 3-floxed AR mice may also affect the phenotype manifestations of various ARKO mice subsequently generated using these mice.

**Fourth**, the mode of AR gene deletion and inactivation is also an important variable affecting the interpretation of the phenotype displayed in a particular ARKO mouse model. The exon 3-floxed AR transgene of Notini *et al* was designed to produce AR^-zf2^ protein in the knockout mice \[[@r141]\] to mimic a human AR^-zf2^ mutant found in specific CAIS cases \[[@r159]\]. However, this AR^-zf2^ protein contains all the AR amino acid residues except for the 2^nd^ zinc finger, and may still be able to interact with other proteins to exert its unusual or non-genomic functions. For example, it has been shown that interaction of AR with estrogen receptor α (ERα) resulted in inhibition of AR and ERα transactivation \[[@r152]\], and the C619Y AR mutant, which lacks DNA binding, but retains androgen binding activity, was capable of sequestering the SRC1 coactivator \[[@r138]\]. Importantly, AR could also repress gene activation by AP1/RelA through sequestration of CREB binding protein \[[@r1]; [@r56]\]. The AR^-zf2^ protein of the AR^-EX3^(*CMV-Cre*) mice \[[@r108]\] and some human AR mutants that are incapable of binding to androgen-responsive elements on target genes \[[@r159]\] still can translocate to cell nuclei in a ligand-dependent fashion and modulate gene expression \[[@r114]\] and cell proliferation \[[@r60]\]. Therefore, it is possible that the AR^-zf2^ protein may retain the capability of many AR non-genomic functions, even though these AR non-genomic actions may not occur physiologically in all cell types. Thus, the difference in phenotypes between Wt and AR^-EX3^(*CMV-Cre*) mice may not be attributed solely to the loss of AR genomic function, and can be, in part, due to a gain of non-genomic function through the expression of AR^-zf2^ protein. In contrast, the phenotype changes observed in other ARKO mouse models \[[@r45]; [@r214]\] can be attributed to the complete loss of the AR protein and functions, although the relative contribution of AR genomic versus non-genomic function can not be immediately deduced from these ARKO mouse models.

**Finally**, the purpose for generating ARKO mice, particularly the cell type- or tissue-specific ARKO models, is to study the physiological and pathophysiological roles of the AR in specific cells, tissues, or organs rather than to compare the abnormal sex development and associated clinical treatments with human CAIS patients. Many AR physiological and pathophysiological roles studied with various ARKO mouse models discussed in this paper can not be studied or observed in CAIS patients. The CAIS in human patients involves a large number of AR-inactivating mutations including various degrees of deletion, nonsense mutations, and point mutations resulting in the expression of different forms of AR mutant proteins including the N-terminal only (equivalent to ARKO), partial loss of DBD or LBD segment, or the entire AR protein with inactivating amino acid substitutions with some of them retaining AR non-genomic functions. In addition, CAIS patients are generally subjected to hormone treatments with gonadectomy and estrogen supplementation, which have not been applied to ARKO mice. Due to the above reasons, phenotypes observed in ARKO mouse models can not always be comparable with CAIS patients. On the other hand, species differences between human and mouse need to be considered. For instance, global ARKO mouse models and Tfm mice displayed very low circulating testosterone and normal male estrogen levels, whereas CAIS patients have normal male testosterone levels yet high estrogen levels, suggesting that the two species may have some differences in the regulatory mechanism for secretion of sex hormones.

AR roles in the immune system
=============================

Both humans and experimental animals display sexual dimorphism in immune responses. Compared to males, females tend to have stronger cell-mediated immune response with higher antibody production upon antigen challenge \[[@r102]\] and higher propensity to develop autoimmune diseases \[[@r207]\]. In contrast, the male is at a higher risk than the female of developing sepsis, as well as acute respiratory and multi-organ failure following soft tissue trauma hemorrhagic shock and thermal injury \[[@r46]; [@r131]\]. They proposed that the development and maintenance of sexual dimorphism in immune response is the result of neuroendocrine-immune system interaction, in which sex hormones play pivotal roles \[[@r131]\]. For example, an early study by Graff *et al* indicated that female and castrated male mice developed earlier rejection of skin allografts than intact male mice \[[@r64]\], suggesting that female and male sex hormones have different immunomodulatory effects and androgens might play an immunosuppressive role. Also, androgens were proposed to modulate cell-mediated immune response through Th1 and Th2 T helper cell responses to influence the development of autoimmune response \[[@r207]\].

Although early studies with castration of the male experimental models have provided some insights into how androgen/AR signaling might modulate the immune response, the availability of ARKO mice has provided better experimental models for studying the effect of complete loss of androgen/AR signaling in the immune system. For example, recent studies with ARKO mice have indicated that androgen/AR signaling regulates the development of several lineages of immune cells. The immune response differences in T-ARKO or Tfm mice may not be comparable to the CAIS patients since most CAIS patients have orchidectomy after puberty and have supplemented E2 to maintain a female phenotype, and thus have a female-like immune response, but the T-ARKO or Tfm mice have low testosterone and normal low male E2 levels. Indeed, men with CAIS having near normal testosterone levels and high E2 levels also showed different immune responses. The AR role in immune system is summarized in **[Figure 1](#fig1){ref-type="fig"}**.

AR roles in neutrophil development and acute infection
------------------------------------------------------

Mantalaris *et al* reported that in human the AR is broadly expressed in neutrophil-lineage cells from the myeloblast stage to the mature neutrophil stage with no difference between male and female \[[@r121]\]. It was found that androgen stimulated proliferation of committed erythrocytic and granulocytic precursors *in vitro* \[[@r24]; [@r196]\], and accelerated recovery of leukocytes after radiation therapy or chemotherapy for cancer in rats \[[@r77]; [@r78]\]. Clinical observations with androgen treatments of aplastic anemia \[[@r167]; [@r168]\], Fanconi's anemia \[[@r6]\], and during therapy with myelosuppressive agents \[[@r97]; [@r162]\], suggest that androgen might increase neutrophil production. The polycystic ovary syndrome (PCOS) patients with high serum androgen levels exhibited higher neutrophil counts \[[@r80]\]. These observations suggest that androgen/AR signaling might be involved in granulopoiesis. However, it is still unclear how androgen/AR regulates neutrophil homeostasis.

A recent study by Chuang *et al* using male ARKO(*ACTB-Cre*) and Wt mice \[[@r39]\] have provided an understanding of the AR roles in neutrophil production and function. ARKO(*ACTB-Cre*) mice were found to have lower neutrophil counts in the blood and bone marrow, and were more susceptible to acute bacterial infection. Cell sorting analyses of bone marrow cells indicated that the levels of granulocyte/macrophage myeloid progenitors (GMP) and common myeloid progenitors (CMP) were similar in ARKO(*ACTB-Cre*) mice compared to Wt mice, suggesting similar neutrophil lineage commitments between the two genotypes. However, a decrease in myelocytes/metamyelocytes and a marked decrease in mature neutrophils were found in bone marrow cells of ARKO(*ACTB-Cre*) mice compared to those of Wt mice. These results suggest that the defect in granulopoiesis of ARKO(*ACTB-Cre*) mice occurs during the transition between proliferation of precursors (myeloblasts, promyelocytes, and myelocytes) and maturation of neutrophils (metamyelocytes, band forms, and neutrophils), leading to a difference in terminal differentiation of neutrophils. The GMPs isolated from ARKO(*ACTB-Cre*) mice produced few neutrophils after granulocyte colony-stimulating factor (G-CSF) stimulation, but acquired the capability after retroviral transfection with a functional AR gene, whereas the GMPs from Wt mice significantly reduced neutrophil production after knockdown of the AR by transfection with AR-siRNA \[[@r39]\]. These *in vitro* results suggest a pivotal role of AR in neutrophil differentiation.

Further analyses have indicated that bone marrow granulocytes from ARKO(*ACTB-Cre*) mice had lower mitotic cell division rate and were more susceptible to apoptosis compared to those from Wt mice. Furthermore, neutrophil production in response to G-CSF injection was found decreased in ARKO(*ACTB-Cre*) mice compared to Wt mice. The mRNA levels of several G-CSF downstream genes were also found decreased in ARKO(*ACTB-Cre*) mice compared to those of Wt mice without affecting the G-CSF receptor level. Bone marrow granulocytes of Wt mice treated with AR-siRNA had decreased ERK1/2 activation and cell proliferation in response to G-CSF, whereas retroviral expression of the AR in ARKO(*ACTB-Cre*) granulocytes promoted ERK1/2 activation and cell proliferation \[[@r39]\]. Further *in vitro* studies indicated that ablation of the AR in granulocytes resulted in impairment of G-CSF signaling to influence neutrophil precursor proliferation and differentiation.

The loss of the AR in neutrophils also influenced their functional development \[[@r47]\]. Neutrophils from ARKO(*ACTB-Cre*) mice remained capable of phagocytosis and oxidative burst, but showed reduced production of chemokines and cytokines. Moreover, impaired chemokine receptor CXCR2-mediated neutrophil migration, but not neutrophil degranulation, was observed in ARKO(*ACTB-Cre*) neutrophils compared to Wt mice \[[@r39]\]. However, there is no evidence that CAIS patients have impaired neutrophil function.

Interestingly, the AR in neutrophils seemed to play an important role in the innate immune system to defend against microbial infection based on the observation that ARKO(*ACTB-Cre*) mice showed increased death rates compared to Wt mice upon pathogenic bacterial and septic challenges \[[@r39]\]. The ARKO(*ACTB-Cre*) mouse model could be a useful mouse model for future studies of neutrophil development in humans.

AR physiological roles in monocyte/macrophage production and inflammation
-------------------------------------------------------------------------

The early myeloid progenitors of the bone marrow give rise to monocyte/macrophage-restricted progeny under the influence of GM-CSF and macrophage colony-stimulating factor (M-CSF), and eventually develop into monocytes, which are then transported to the circulation. Upon stimulation, blood monocytes migrate to peripheral tissues, particularly the inflammatory sites, and differentiate into tissue macrophages \[[@r186]\].

Analysis of the peripheral blood mononuclear cells (PBMCs) found the monocyte population (CD11b^+^F4/80^+^), especially in the inflammatory monocyte population (CD11b^+^F4/80^+^Gr1^+^), was reduced in male ARKO(*ACTB-Cre*) mice compared to Wt mice. In contrast, the resident monocyte subset (CD11b^+^F4/80^+^Gr1^-^) in PBMC was similar between Wt and ARKO(*ACTB-Cre*) mice, suggesting that the AR might specifically increase the inflammatory monocyte pool in the peripheral blood. The mRNA expression of CCR2, a key chemokine receptor, was decreased in the bone marrow-derived monocytes/macrophages of ARKO(*ACTB-Cre*) mice compared to Wt mice, and the AR, in the presence of DHT, could induce CCR2 expression at the transcriptional level. In addition, the expression levels of TNFα in bone marrow-derived macrophages from ARKO(*ACTB-Cre*) and myeloid-specific ARKO (Myl-ARKO) mice were lower than those from Wt mice and the AR was able to induce transcription of TNFα \[[@r103]\]. These observations indicate that AR is involved in modulation of inflammatory monocyte/macrophage production, migration, and function. The mechanism through which the AR modulates these processes remains to be elucidated.

The reduction in inflammatory monocyte production in ARKO(*ACTB-Cre*) and Myl-ARKO mice had a profound influence on cutaneous wound healing due to the reduced macrophage infiltration at the wound site. The reduced macrophage infiltration in Myl-ARKO mice also resulted in lower incidence of inflammation-associated atherosclerosis (to be discussed in the subsection titled **"AR roles in cardiovascular function"**).

AR physiological roles in B lymphopoiesis and autoimmune diseases
-----------------------------------------------------------------

Early studies have indicated that androgen/AR signaling might modulate the production of B lymphocytes and influence autoimmunity. For instance, Viselli *et al* observed that in castrated male mice there were enlarged spleens with expansion of B cells in the spleen and bone marrow compared to intact mice \[[@r203]\]. Androgen replacement resulted in reversal of B cell expansion. The AR-inactivated Tfm mice also exhibited B cell expansion in the bone marrow and spleen \[[@r183]\]. Further analysis of bone marrow B lineage cells have indicated that castration and inactivation of the AR resulted in increased pro-B, pre-B, and immature B cells in the bone marrow, suggesting that androgen/AR signaling modulates B lymphopoiesis \[[@r50]\]. Cultured splenocytes from the castrated mice also produced higher levels of autoantibodies in response to pokeweed mitogen stimulation \[[@r204]\], suggesting that androgen/AR signaling might also influence autoimmunity.

To determine the role of the AR in B cell homeostasis, Altuwaijri *et al* compared the B cell population in the bone marrow and spleens of male ARKO(*ACTB-Cre*), B cell-specific ARKO (Bsp-ARKO), Tfm, castrated, and intact Wt mice and observed that all four models of AR functional ablation displayed increased population of B cells in the bone marrow and the spleen \[[@r7]\]. Flow cytometric analysis indicated that bone marrow cells from ARKO(*ACTB-Cre*) and Bsp-ARKO mice had a statistically higher proportion of pre-B cells and a lower proportion of pro-B cells than Wt bone marrow cells. The changes of B precursor cells appeared to be associated with decreased apoptosis of B cells and increased proliferation of B precursor cells in ARKO(*ACTB-Cre*) and Bsp-ARKO mice than Wt mice. The resistance of AR-deficient B cells to apoptosis was accompanied by altered levels of several modulators of apoptosis. Since apoptosis plays a crucial role during B cell development and tolerance \[[@r68]; [@r130]\], the increase in apoptosis in AR-deficient B cells would be likely to affect B cells' specificity and autoimmunity. Both ARKO(*ACTB-Cre*) and Bsp-ARKO mice were found to contain higher levels of serum IgG2a, IgG3 and basal anti-double-stranded DNA IgG antibodies, and were more susceptible than Wt mice \[[@r7]\] to collagen-induced arthritis \[[@r68]\], a disease regulated by IL-10-producing B cells \[[@r98]\]. Thus, the AR in bone marrow B lineage cells appears to modulate B cell development and tolerance.

Since the greater extent of alteration in B cell development was observed in ARKO(*ACTB-Cre*) than in Bsp-ARKO mice, we may speculate that the AR in bone marrow stromal cells may also contribute to B cell development. This notion is consistent with the conclusion of Olsen *et al*, derived from their reciprocal bone marrow transplantation studies using bone marrow cells from Tfm and Wt mice \[[@r147]\], that the stromal AR plays an important role in B cell development. However, the detailed mechanism of this regulation by AR remains to be elucidated.

AR physiological roles in thymocyte development and bone marrow transplantation
-------------------------------------------------------------------------------

T lineage-committed hematopoietic progenitor cells formed in bone marrow migrate to the thymus where they differentiate into mature thymocytes and emigrate from the organ and home to various lymphoid tissues so that mature T lymphocytes can trigger adaptive immune response. It has been known for decades that orchidectomy in adult male animals resulted in thymic enlargement or rejuvenation, which is reversed by androgen replacement \[[@r75]\], suggesting that androgen/AR signaling is involved in regulating thymic function. Similar thymic enlargements were observed in Tfm \[[@r149]\] or ARKO(*ACTB-Cre*) \[[@r52]\] male mice. Early studies have indicated that AR is expressed in thymic epithelial reticular cells, thymocytes, and other stromal cells \[[@r100]; [@r148]; [@r202]\]. Using bone marrow cells from Wt and Tfm mice in a reciprocal bone marrow transplantation study on thymocyte development, Olsen *et al* concluded that the AR in thymic epithelial cells (TECs) is an important modulator of thymocyte development \[[@r149]\]. However, in which thymic stromal cells the AR is involved in modulating thymocyte development and its mechanism of function are not clear at present, but the studies of various ARKO mouse models by Lai *et al* have provided further insight into AR roles in thymocyte development \[[@r104]\].

### Reciprocal bone marrow transplantation studies indicated thymic epithelial AR modulates T cell population

The total thymocyte numbers in ARKO(*ACTB-Cre*) mice were found increased compared to Wt mice \[[@r104]\]. Cell population analyses indicated that the relative CD4^-^CD8^-^ double negative (DNs), CD4^+^CD8^+^ double positive (DPs), and CD4^+^ or CD8^+^ single positive (SPs) thymocyte populations in Wt and ARKO(*ACTB-Cre*) mice were comparable. These results suggested that knockout of the AR in the whole body resulted in thymus enlargement and increased thymocyte cellularity.

To dissect AR roles in different cellular compartments in thymus, reciprocal transplantation of bone marrow cells from Wt and ARKO(*ACTB-Cre*) mice into γ-irradiated ARKO(*ACTB-Cre*) and Wt recipient mice were conducted. The results revealed that transplantation of bone marrow cells from either Wt or ARKO(*ACTB-Cre*) mice into irradiated ARKO(*ACTB-Cre*) recipients resulted in enlarged thymus as compared to the thymus of Wt recipients of the same bone marrow cells. Conversely, Wt or ARKO(*ACTB-Cre*) mice bone marrow cells transplanted into Wt recipient mice did not lead to thymic enlargement \[[@r104]\]. These results were in agreement with the observation of Olson *et al* that the AR in thymic residential stromal cells, but not in the hematopoietic-derived cells, determines T cell repopulation in the thymus \[[@r149]\].

To further define AR expression in which thymus residential stromal cells have more prominent roles in T cell repopulation, several cell type-specific ARKO mouse models were generated by crossing the exon 2-floxed AR mice with various cell type-specific Cre mice, including *lck-Cre* \[[@r73]\] for T cell-specific ARKO (Tsp-ARKO) mice, bovine *CK5-Cre* \[[@r13]\] for TEC-specific ARKO (TEC-ARKO) mice, and fibroblast-specific protein 1 promoter-driven Cre (*fsp1-Cre*) \[[@r16]\] for Fsp-ARKO mice. Among these three cell-specific ARKO mice, only TEC-ARKO mice had increased total thymocyte numbers over Wt mice, indicating that loss of thymic epithelial AR was critical to mediate thymus enlargement by increasing total thymocytes.

Mechanistically, only ARKO(*ACTB-Cre*) and TEC-ARKO mice exhibited less apoptotic thymocytes as compared to their Wt littermates \[[@r104]\]. Further studies of TEC-ARKO mice in the context of thymocyte positive and negative selections indicated that cortical TEC AR regulated positive selection to enhance thymocyte survival without disturbing negative selection after breeding with AND-TCR tg and HY-TCR tg mice \[[@r104]\].

Together, these results indicated that the AR loss in TECs led to thymic enlargement and to increase of thymocytes through decrease in cell apoptosis without alteration in thymocyte differentiation.

### Ablation of the AR in TECs improves grafting efficiency of bone marrow transplantation

Since ablation of the AR increases T cell cellularity, it was postulated that bone marrow cells transplanted in TEC-ARKO mice would improve the grafting efficiency, especially in T cell reconstitution. To mimic human autologous bone marrow transplantation, bone marrow transplantation between two congenic mice, FVB/C57BL/6 (CD45.1^+^CD45.2^+^) as recipient and FVB/C57BL/6.SJL (CD45.1^+^CD45.2^-^) as donor, was performed in lethally γ-irradiated recipients of either Wt or TEC-ARKO mice. By 3 and 6 weeks post-transplantation, an increase of donor derived (CD45.1^+^CD45.2^-^) bone marrow cells, thymocytes, and splenocytes were detected in the TEC-ARKO compared to Wt recipients. Importantly, the reconstituted splenic CD8^+^ T cells from TEC-ARKO recipient showed the similar capability to produce cytokine IFN-γ compared to Wt recipient mice \[[@r104]\].

Male Wt B6 mice were treated with the newly-developed AR degradation enhancer, ASC-J9^®^ \[[@r51]; [@r127]; [@r212]\] or vehicle for two weeks, γ-irradiated, and then subjected to congenic bone marrow transplantation. Simlar patterns of increased cellularity of donor-derived bone marrow cells, thymocytes, and splenocytes were observed in ASC-J9^®^-treated mice over control mice \[[@r104]\]. These observations clearly suggest that inactivation of TEC AR in recipients prior to bone marrow transplantation can improve grafting efficiency. Treatment of recipients with an agent such as ASC-J9^®^ before autologous bone marrow transplantation may be tested in the future to improve grafting efficiency in humans.

AR pathophysiological roles in metabolic syndrome and cardiovascular diseases
=============================================================================

Male hypogonadism is associated with sexual dysfunction, decreased lean body mass and muscle strength, increased fat mass, decreased quality-of-life, and osteoporosis \[[@r12]\]. PCa patients undergoing androgen deprivation therapy (ADT) also displayed these complications and have higher risks of skeletal fracture, metabolic syndrome, and diabetes, as well as cardiovascular diseases \[[@r11]; [@r187]\]. Androgen supplementation can improve these complications, indicating that reducing androgen/AR signaling in males plays an important role in development of these complications. Similarly, Kennedy's Disease patients, who have poly Q-expanded AR with lower transcriptional activity, frequently displayed glucose intolerance, hepatic dysfunction, and hyperlipidemia \[[@r107]; [@r184]\]. In contrast, PCOS women with hyperandrogenemia also have higher risk of developing visceral obesity, metabolic syndrome, type 2 diabetes, and cardiovascular diseases, in addition to hirsutism and infertility \[[@r154]\]. Recent studies have led to the suggestion that hyperandrogenemia in these patients arises from insulin resistance and hyperinsulinemia that caused increased androgen production and reduced levels of steroid hormone binding globulin (SHBG). Improving the insulin resistance state with low-calorie diet or insulin-sensitizing drugs also led to reduced androgen levels and visceral obesity in these patients. Treatment with insulin-sensitizing metformin in combination with the antiandrogen, hydroxyflutamide (HF), results in an additive effect on clinical improvement (reviewed in \[[@r153]\]). Livingstone and Collison proposed that sex hormones, within the window of their physiological concentrations, are important for maintaining insulin sensitivity in various target tissues to regulate their metabolism and functions \[[@r113]\]. Thus, the interplay of estrogen/ER signaling and androgen/AR signaling in females may play a different role from males. The wide expression of AR in various insulin target tissues has suggested that androgen/AR signaling might play significant roles in metabolism, body mass homeostasis, and cardiovascular functions. Recent generation of various ARKO male mice have provided useful models for studying the AR roles in these complex physiological processes (**[Figure 2](#fig2){ref-type="fig"}**).

AR roles in insulin sensitivity and metabolism
----------------------------------------------

### General loss of the AR results in insulin and leptin resistance, dyslipidemia, and obesity

Early studies of male ARKO(*CMV-Cre*) mice indicated that they became obese with increased body white adipose tissue mass without increase in food uptake or dyslipidemia at age beyond 10 weeks old \[[@r170]\]. A more detailed study by Lin *et al* indicated that, along with increased body weight, male ARKO(*ACTB-Cre*) mice developed hyperinsulinemia, hyperleptinemia, hyperglycemia, hypo-adiponectinemia, increased serum levels of triglycerides and free fatty acids, and impaired glucose tolerance at advanced ages \[[@r109]\]. ARKO(*ACTB-Cre*) male mice exhibited AR deletion, as well as very low levels of circulating testosterone. Restoring androgen level with DHT in ARKO(ACTB-Cre) male mice did not reverse these changed parameters, suggesting the observed phenotypes were due to loss of AR function. ARKO(*ACTB-Cre*) mice also became insulin- and leptin-resistant, and had increased triglyceride contents in the skeletal muscle and the liver. PI3K activity, which mediates the metabolic effect of insulin, was found reduced in the skeletal muscle and the liver of ARKO(*ACTB-Cre*) mice compared to Wt mice. The increase in lipid deposition in white adipose tissue was associated with increased expression of 4 genes that stimulate late adipocyte differentiation and lipid accumulation, namely peroxisome proliferator-activated receptor gamma (*PPAR-γ*), CCAAT/enhancer-binding protein-α (*C/EBPα*), adipocyte fatty acid-binding protein 4/adipocyte protein 2 (*aP2*), and sterol regulatory element-binding protein 1c (*SREBP1c*) in white adipose tissue of male ARKO(*ACTB-Cre*) mice compared to Wt mice. In contrast, the expression levels of *PPARα* gene, which modulates lipid oxidation through activation of several peroxisomal and mitochondrial fatty acid oxidation genes \[[@r65]\], were found reduced in skeletal muscle and the liver of ARKO(*ACTB-Cre*) compared to Wt mice. Collectively, these data suggest that loss of the AR results in insulin and leptin resistance, dysregulation of lipid metabolism and favors adipocyte differentiation and fat deposition leading to obesity. However, the roles of AR genomic and non-genomic functions in these phenotype manifestations and gene expression changes remain to be elucidated, as both functions are lost in the ARKO mice.

Yanase *et al* reported that their ARKO(*CMV-Cre*) mice, in comparison with Wt mice, displayed late onset obesity with a mild hyperinsulinemia without insulin resistance, hyperadiponectinemia, less dynamic energy consummation, lower expressions of thermogenic uncoupling protein 1 (UCP1), and hormone-sensitive lipase without alteration in expressions of several lipogenetic genes, including *FASN*, *ACC*, and *SRBP1c* \[[@r210]\]. The lack of insulin resistance was attributed to the elevated adiponectin, known to increase insulin sensitivity, while the development of obesity was attributed to reduced lipolysis. However, a study of ARKO(*CMV-Cre*) indicated the absence of obesity in this mouse model up to 52 weeks old \[[@r96]\].

Rana *et al* reported that AR^-EX3^(*CMV-Cre*) male mice exhibited increased adipocity without obesity, along with reduced voluntary activity, decreased food uptake, hyperleptinemia, and hyperadiponectinemia, without insulin resistance \[[@r160]\]. The lack of insulin resistance might be due to elevated adiponectin levels. In contrast, the decreased food intake and lack of late onset obesity observed only in AR^-EX3^(*CMV-Cre*) male mice could be due to the unknown non-genomic effects of the AR^-zf2^ protein.

It is interesting to note that both ARKO(*CMV-Cre*) and AR^-EX3^(*CMV-Cre*) mice exhibited hyperadiponectinemia that might contribute to the lack of insulin resistance in these mice. It would be very interesting to examine other male ARKO models such as the ARKO(*PGK-Cre*) \[[@r45]\] and AR^-EX3^(*Sox2-Cre*) mice \[[@r178]\] to determine if hyperadiponectinemia is unique to *CMV-Cre*-generated ARKO models. In contrast, the different genetic backgrounds of ARKO(*ACTB-Cre*), ARKO(*CMV-Cre*), and AR^-EX3^(*CMV-Cre*) do not appear to play a significant role in different phenotype expression of insulin sensitivity, since hep-ARKO mice \[[@r110]\] and neuron-specific ARKO (N-ARKO) mice \[[@r216]\], which were generated in the same genetic backgroud as AR^-EX3^(*CMV-Cre*) mice, displayed various degrees of insulin resistance (to be discussed below).

It should be noted that the observation of late onset obesity and insulin resistance in ARKO(*ACTB-Cre*) mice appears to be in good agreement with these phenotypes observed in humans with low androgen/AR signaling activity, including hypogonadal men, PCa patients treated with ADT, and Kennedy's Disease patients, as mentioned earlier. Moreover, it has been reported that CAIS patients, particularly those without orchidectomy, have higher propensity to develop obesity and abnormal insulin sensitivity than normal male and female subjects \[[@r42]\]. If this observation made in a small cohort of CAIS patients can be confirmed with a larger number of CAIS patients, it would lend additional support to AR's role in modulating insulin sensitivity in males in both human and mouse. In contrast, the lack of development of obesity and insulin resistance in female ARKO mice appears to suggest that metabolic responses to androgen/AR signaling are different between males and females.

There are complex inter-organ communications among various sites of insulin action \[[@r2]; [@r146]\] and the AR is expressed in many key organs involved in insulin sensitivity. Therefore, it would be necessary to study tissue- or organ-specific ARKO models to dissect the AR role(s) in regulation of insulin sensitivity and glucose homeostasis.

### Loss of the AR in the liver leads to hepatic insulin resistance

The liver plays an important role in controlling glucose metabolism and maintaining glucose homeostasis. A major contributor to the hyperglycemia of diabetes mellitus is the chronic elevation of hepatic glucose production \[[@r19]; [@r133]; [@r209]\]. Regulating lipid metabolism is also an important role of the liver. Dysregulation of hepatic fatty acid oxidation and synthesis led to hepatic steatosis (fatty liver) \[[@r158]\], which contributes to the development of hepatic insulin resistance with hepatic glucose over-production \[[@r166]; [@r205]\]. The roles of the AR in hepatic insulin sensitivity, glucose, and fatty acid metabolism are not clear at present.

The hep-ARKO mouse model was generated by crossing the exon 2-floxed AR mice \[[@r214]\] with *albumin-Cre* mice to study the AR roles in hepatic metabolism and insulin sensitivity \[[@r110]\]. The floxed AR mice used in this study had been back crossed several generations to have C57BL/6J background. When fed with a normal mouse chow diet, hep-ARKO mice exhibited a normal growth curve as compared to Wt littermates, but male, and not female, hep-ARKO mice developed liver steatosis at an old age (40 weeks). Upon feeding with a high fat diet, male hep-ARKO mice gained more weight and become more obese than Wt mice. Obese male hep-ARKO mice developed more severe liver steatosis than male Wt mice and hyperlipidemia, indicating dysregulation of lipid metabolism as confirmed by the observations of reduced fatty acid oxidation and increased de novo fatty acid synthesis, suggesting that it may be due to reduced PPAR-γ and increased SREBP1c expression levels, and alteration of their target genes involved in these metabolic activities. Consequently, obese male hep-ARKO mice developed hepatic insulin resistance through decreased PI3K activity, increased levels of phosphotyrosyl phosphatase 1B (PTP1B) and phosphoenopyruvate carboxykinase (PEPCK) expression in the liver, leading to increased hepatic glucose production. These observations suggested that the hepatic AR plays a pivotal role in regulation of hepatic glucose, lipid metabolism, and insulin sensitivity. However, it remains unclear whether the hepatic AR functions through genomic or non-genomic pathways to mediate these metabolic regulations.

### Loss of the AR in adipocytes leads to hyperleptinemia without obesity and leptin resistance

An adipose tissue-specific ARKO (A-ARKO) mouse model was generated \[[@r217]\] by crossing *aP2-Cre* (*fatty acid binding protein 4-Cre*) mice \[[@r69]\] and the exon 2-floxed AR mice \[[@r110]\]. Male A-ARKO mice exhibited normal body weight with hyperleptinemia, hypotriglyceridemia, hypocholesterolemia, and normal central leptin sensitivity. The hyperleptinemia was attributed to an increased production of leptin from white adipose tissue of A-ARKO mice, as a result of increased levels of estrogen/ER signaling in this tissue. The expression of transcription factors involved in lipid oxidation, including PPAR-γ coactivator-1α (PGC-1α) and CPT-1, were elevated in white adipose tissues of A-ARKO compared to those of Wt mice. In addition, the expression of UCP-2 was increased, whereas that of aP2 was decreased, indicating an increased energy expenditure and decreased fatty acid transportation in white adipose tissues of A-ARKO mice. Since leptin is known to enhance lipid oxidation in the liver and skeletal muscle \[[@r57]; [@r126]\], the decreased fatty acid transportation into adipose tissues could lead to increased lipid oxidation in these organs that might account for the observed hypotriglyceridemia and hypocholesterolemia \[[@r217]\]. These observations suggested that hyperleptinemia resulting from adipocyte-specific ARKO might be beneficial to body weight control. However, the effect of ARKO on energy expenditure in brown adipose tissue has not been investigated. Moreover, there might be a significant difference in body weight gain between A-ARKO and Wt mice when fed with high fat diet and this might point to a beneficial effect of adipose-specific ablation of AR signaling.

It should be noted that *aP2-Cre*, although predominantly expressed in adipose tissues postnatally \[[@r17]\], is also expressed in other cells prenatally, especially in cell types such as chondrocytes, myocytes, neurons, and osteocytes that are derived from a common mesenchymal stem cell progenitor population \[[@r197]\]. Therefore, despite the claim of Yu *et al* that ARKO in A-ARKO mice was specific for adipose tissues \[[@r217]\], it remains possible that partial ARKO in other tissues might have occurred beyond their detection limit. Further investigation may be needed using the recently-developed and more specific *adiponectin-Cre* transgene \[[@r206]\].

### Loss of AR in central nervous system leads to hypothalamic insulin and leptin resistance

The brain is an insulin target organ that plays a key role in regulation of energy balance and glucose homeostasis \[[@r143]; [@r173]; [@r208]\]. Various studies have shown that there is greater insulin sensitivity in the male than female central nervous system \[[@r40]; [@r41]\]. Higher levels of the AR are found in the hypothalamus of male than female mice and the AR was found to colocalize with insulin receptor, suggesting that the brain AR might be involved in regulation of central insulin sensitivity in males \[[@r216]\].

To study the role of neuronal AR in metabolic regulation, Yu *et al* have generated neuron-specific ARKO (N-ARKO) mice by crossing *Synapsin I-Cre* mice \[[@r53]\] with exon 2-floxed AR mice, both in C57BL/6J background \[[@r216]\]. Administration of insulin in the fasting state reduced food intake in Wt, but not in N-ARKO male mice, suggesting that the latter had central insulin resistance. N-ARKO male mice also exhibited increasing systemic insulin resistance and glucose intolerance with increasing age. Aged N-ARKO mice had greater body weight with increased visceral fat, liver lipid deposition, and hepatic glucose production than Wt mice. The hepatic lipid deposition was associated with elevated levels of SCD1 and SREBP-1c, indicating increased lipogenesis. The increased hepatic glucose production was associated with increased expression of gluconeogenesis genes, PEPCK, and glucose-6-phosphatase, in N-ARKO mice. In addition, insulin-induced activation of hepatic STAT3, which mediates central insulin regulation of hepatic glucose production \[[@r85]\] was decreased in N-ARKO mice. Hypothalamic insulin signaling is known to suppress hepatic glucose production \[[@r144]; [@r156]\] through suppression of agouti related peptide (AgRP) release from hypothalamic arcuate nucleus \[[@r99]\]. The expression levels of hypothalamic AgRP in N-ARKO mice were found to be upregulated. Moreover, hypothalamic Akt and insulin receptor phosphorylation in response to insulin administration were significantly reduced in N-ARKO mice compared to Wt mice, apparently due to reduced expression of hypothalamic PTP1B. Incidentally, the AR was found to suppress NFκB-induced PTP1B expression in neuronal cells \[[@r216]\]. These results indicate that ablation of neuronal AR resulted in hypothalamic insulin resistance that leads to systemic insulin resistance, dysregulation of glucose homeostasis and lipid metabolism, and visceral obesity.

Using rat *insulin promoter 2-Cre* (*RIP2-Cre*) mice to achieve hypothalamus-specific gene knockout \[[@r38]; [@r101]; [@r111]; [@r132]\], Yu also generated male mice with hypothalamus-specific ARKO, the Hyp-ARKO mice \[[@r215]\]. Insulin signaling activity in the arcuate nucleus of Hyp-ARKO mice was found to be reduced compared to the control *RIP2-Cre* mice. Hyp-ARKO mice also displayed lower insulin sensitivity to regulate circulating glucose level than the control mice. In addition, leptin signaling activity in arcuate nucleus neurons was also reduced compared to the controls. Consequently, leptin had less suppressive effect on body weight and food intake in Hyp-ARKO than control mice. These observations suggest that the AR plays a pivotal role in modulating hypothalamic insulin and leptin signal cascades. However, it should be noted that *RIP2-Cre* also mediated AR knockout in pancreatic islet β cells. It is not clear if this affects the expression and secretion levels of the two β cell hormones, insulin and amylin (also a regulator of food intake and body weight) \[[@r192]\], which might obscure the interpretation of observations made in Hyp-ARKO mice.

In an attempt to explain the obesity with lack of insulin resistance in ARKO(*CMV-Cre*) mice, Miyamoto *et al* \[[@r128]\] reported that male ARKO(*CMV-Cre*) mice displayed hypertrophic adrenal glands and overproduction of glucocorticoids. In the pituitary glands of ARKO(*CMV-Cre*) mice there were increased expression of proopiomelanocortin (POMC) and decreased expression of the glucocorticoid receptor (GR). Since the AR regulates expression of the GR in pituitary cells, they concluded that ablation of the AR in the pituitary resulted in dysregulation of feedback control of glucocorticoid production that led to obesity in this mouse model. However, in view of the results obtained from N-ARKO and Hyp-ARKO mice, the lack of insulin resistance in ARKO(*CMV-Cre*) mice might be due to their high levels of adiponectin. Incidentally, Tfm male mice have been shown to have elevated corticosterone levels and increased stress indices suggesting hyperactivation of the hypothalamic-pituitary-adrenal axis \[[@r222]\]. Therefore, the possibility that this AR-regulated glucocorticoid feedback circuit might also play a significant role in the development of obesity in ARKO(*ACTB-Cre*) mice remains to be investigated. The roles of the AR in metabolism, as determined from various tissue/cell type-specific ARKO mice so far investigated, are depicted in **[Figure 2](#fig2){ref-type="fig"}, left side**.

AR roles in cardiovascular function
-----------------------------------

### The AR and cardiac growth

Ikeda *et al* examined the effect of AR knockout on heart function and structure in their male ARKO(*CMV-Cre*) mice in comparison with male Wt littermates at 25 weeks old \[[@r82]\]. There were no differences in systolic blood pressures and heart rates between the two genotypes, but the size of heart or heart weight/body weight was smaller in ARKO(*CMV-Cre*) than in Wt mice, a difference observed only after 6 weeks of age suggesting the involvement of post-puberty event(s). Cross-sectional analyses of the hearts indicated also that the volume and wall thickness of the left ventricles were smaller in ARKO(*CMV-Cre*) than in Wt mice. In addition, the extent of cardiac hypertrophy induced by angiotensin II (Ang II) was less in ARKO(*CMV-Cre*) mice than Wt mice. Furthermore, increased fibrosis and attenuated systolic function in left ventricle upon Ang II stimulation in ARKO(*CMV-Cre*) mice compared to Wt mice at old age was observed. Based on these observations, it was suggested that androgen/AR signaling participates in regulation of normal cardiac growth and modulates cardiac adaptive hypertrophy and fibrosis during cardiac remodeling upon hypertrophic stress \[[@r82]\], but their molecular mechanisms remain to be elucidated.

MacLean *et al* reported that male and female AR^-EX3^(*CMV-Cre*) mice exhibited decreased heart mass compared to their corresponding Wt mice \[[@r120]\]. After correction for body weights, there were no differences between Wt and AR^-EX3^ males. Since exon 3-floxed AR male mice had higher heart mass than Wt controls \[[@r118]\], it remains possible to speculate that AR may play a role in cardiac growth in male mice. Since the heart masses of homozygous floxed AR females were not compared, the effect of ablating genomic AR function on heart growth in females might be even greater. Therefore, the AR role in cardiac growth can not be validly concluded from this study.

### AR and vascular remodeling and atherosclerosis

Jones *et al* reported that the diameters of various arterial vessels were similar between Tfm and Wt littermates \[[@r91]\]. In contrast, *in vitro* vasoconstriction in response to KCl (mediated through voltage-gated calcium channels) and vasodilation in response to acetylcholine (which is endothelium-dependent) were reduced in femoral arteries of Tfm mice compared to Wt mice, suggesting that androgen/AR signaling might modulate arterial functions. Nettleship *et al* reported that a high cholesterol diet for 4 weeks in Tfm and castrated male Wt mice resulted in significantly higher fat deposition in the aortic root than in intact Wt mice \[[@r140]\], suggesting that androgen/AR signaling might protect against atherosclerosis.

The effect of ARKO on vascular remodeling was also investigated in ARKO(*CMV-Cre*) mice \[[@r83]\]. Comparing male ARKO(*CMV-Cre*) mice and male Wt littermates at 25 weeks old, no morphological differences in the coronary artery and thoracic aorta were found between the two genotypes. Despite nitric oxide (NO) availability, aortic endothelial NO synthase expression and phosphorylation, as well as Akt phosphorylation, were significantly reduced in ARKO(*CMV-Cre*) mice. Upon Ang II stimulation, however, ARKO(*CMV-Cre*) mice exhibited marked increases over Wt littermates in medial thickness and perivascular fibrosis in the aorta that were accompanied with increased expressions of TGF-β1, collagen type I, collagen type III, and nicotinamide adenine dinucleotide phosphate oxidase component genes, as well as increased superoxide production and lipid peroxidation. In addition, phosphorylation of c-Jun N-terminal kinase (JNK) and Smad2/3 were enhanced in ARKO(*CMV-Cre*) over Wt mice after Ang II stimulation. The authors concluded that the androgen/AR system is required for the preservation of NO bioavailability through activation of the Akt-endothelial NO synthase system and has protective effects against Ang II-induced vascular remodeling by regulating oxidative stress, JNK signaling, and the TGF-β1/phospho-Smad signal cascade. A subsequent study demonstrated that doxorubicin-induced cardiotoxicity is increased in male ARKO(*CMV-Cre*) compared to Wt mice through exacerbation of mitochondrial damage and superoxide generation, leading to enhanced apoptosis of cardiomyocytes \[[@r81]\].

It should be noted that the above three studies were conducted in ARKO(*CMV-Cre*) mice generated through *CMV-Cre*-mediated gene knockout. As *CMV-Cre* has a strong expression in the heart \[[@r171]\], and the AR gene is ubiquitously deleted in all heart cells, it is not clear to what extent androgen/AR signaling in cardiac myocytes, and various vascular cell types contributes to the observed phenotypes. Thus, AR roles in various specific cardiac cell types remain to be investigated through cardiac cell type-specific ARKO mice. More importantly, male ARKO(*CMV-Cre*) mice have very low testosterone levels that might significantly affect tissue E2 levels and ER signaling. For example, in animal models of early stages of atherosclerosis, testosterone reduces plaque development in males through its conversion into E2 \[[@r137]\]. In addition, testosterone supplementation in Tfm mice reduced aortic fatty streak formation which was partially reversed by an ERα blocker or aromatase inhibitor, also suggesting the involvement of ERα \[[@r137]\]. There were no attempts to study the effect of testosterone supplementation in the above ARKO(*CMV-Cre*) studies. Thus, it is not clear to what extent the ARKO effects observed in these studies is attributable to reduced ER signaling. Moreover, since cardiac function is under the regulation of sympathetic and parasympathetic neural circuits, the AR roles in the CNS control of these neural circuits remain to be elucidated.

Studies of atherosclerosis in male LDL receptor deficient (LDLR^-/-^) mice with Wt AR, ARKO(*ACTB-Cre*), SM-ARKO, Myl-ARKO, or endothelium-specific ARKO (End-ARKO) have revealed that the AR may play a positive role in promoting atherosclerosis in selective cell types \[[@r79]\]. ARKO(*ACTB-Cre*)/LDLR^-/-^ mice were found to have higher plaque formation in the aorta than Wt LDLR^-/-^ mice. In contrast, Myl-ARKO/LDLR^-/-^ mice had lower atherosclerosis plaque forming rates than Wt LDLR^-/-^ mice, whereas both SM-ARKO/LDLR^-/-^ and End-ARKO/LDLR^-/-^ mice had similar plaque forming rates as the control LDLR^-/-^ mice. Although the aorta of both ARKO(*ACTB-CRE*)/LDLR^-/-^ and Myl-ARKO/LDLR^-/-^ mice had lower macrophage infiltration rates than Wt LDLR^-/-^ mice, only ARKO(*ACTB-Cre*)/LDLR^-/-^ mice had higher collagen disposition than Wt LDLR^-/-^ mice. In addition, ARKO(*ACTB-Cre*)/LDLR^-/-^, but not Myl-ARKO/LDLR^-/-^, mice had higher circulating cholesterol, triglycerides, and LDL, but lower HDL levels than Wt LDLR^-/-^ mice. Knocking down the AR in myeloid cell line, THP-1, resulted in suppression of cell migration and foam cell formation. Taken together, these observations indicated that the AR in non-myeloid cells such as smooth muscle and endothelial cells might not play any significant role in atherosclerosis, while AR in myeloid cells has a positive role in promoting atherosclerosis. Due to very low testosterone concentrations in ARKO(*ACTB-Cre*) mice, it is unclear whether ERα or the AR in extra-aortic cells might protect against atherosclerosis by modulating cholesterol and lipid metabolism. The underlying mechanisms of these AR roles remain to be elucidated.

Bourghardt *et al* reported that male ARKO(*PGK-Cre*)/ApoE^-/-^ mice had substantially higher atherosclerosis areas in the aortic root than ApoE^-/-^ mice with Wt AR when the animals were fed with a high fat diet \[[@r20]\]. The higher atherosclerotic lesion areas in the ARKO(*PGK-Cre*)/ApoE^-/-^ in comparison with Wt ApoE^-/-^ mice were associated with elevated serum TNFα levels. Castration of Wt ApoE^-/-^ mice, but not ARKO(*PGK-Cre*)/ApoE^-/-^ mice, increased atherosclerotic lesions. Testosterone supplementation reduced atherosclerotic lesion areas in both castrated Wt ApoE^-/-^ (by 50%) and ARKO(*PGK-Cre*)/ApoE^-/-^ (by 24%) mice. It was concluded that testosterone atheroprotection involves both AR-dependent and AR-independent components. It is not clear if the AR-independent component is ERα-mediated, as observed in the Tfm mouse \[[@r140]\].

### The AR and abdominal aorta aneurysm (AAA)

In ApoE-deficient (ApoE^-/-^) mice, treatment with angiotensin II induces AAA \[[@r43]\]. Total ablation of the AR in ARKO(*ACTB-Cre*)/ApoE^-/-^ male mice resulted in complete suppression of AAAs compared to ApoE^-/-^ mice with Wt AR. Castration of Wt ApoE^-/-^ mice also resulted in suppression of AAAs, an effect reversed by supplementation with DHT. Specific knockout of AR in smooth muscle cells (SM-ARKO/ApoE^-/-^ mice) and myeloid cells (Myl-ARKO/ApoE^-/-^ mice), but not in vascular endothelial cells (End-ARKO/ApoE^-/-^ mice), also significantly decreased AAAs \[[@r79]\]. These observations indicated that the AR in vascular smooth muscle cells and macrophages, but not in endothelial cells, might play exacerbating roles in initiation or progression of AAA (**[Figure 2](#fig2){ref-type="fig"}, right side**). Interestingly, treatment of the ApoE^-/-^ mice with ASC-J9^®^ also suppressed angiotensin II-induced AAAs. However, the AR roles in extra-aortic cells in AAA and the underlying mechanisms remain to be studied.

AR roles in bone and skeletal muscle
====================================

AR roles in development and maintenance of bone
-----------------------------------------------

Albright *et al* first pointed out that deficiencies in sex hormones had profound adverse effects on bone homeostasis in post-menopausal women and aging men \[[@r4]\]. Decades of extensive studies since then have indicated that androgens and estrogens are key regulators of growth and maintenance of both female and male skeleton \[[@r26]; [@r55]; [@r163]; [@r199]; [@r200]\]. A study of the effect of testosterone supplementation on bone metabolism in castrated Tfm male mice in comparison with castrated control male mice indicated that testosterone increased trabecular bone number, width, volume, and bone mineral density (BMD), while it reduced bone turnover in an AR-dependent manner \[[@r198]\]. The physiological role(s) of androgens/AR signaling in bone metabolism is not clear at present. The availability of various ARKO mouse models thus have provided some useful tools for studying the AR roles in bone metabolism.

Yeh *et al* observed that male ARKO(*ACTB-Cre*) mice had lower cancellous bone volumes than male and female Wt mice. Male ARKO(*ACTB-Cre*) mice also had higher osteoclast numbers, higher mineral deposition, and bone formation rates in the femoral metaphysis than Wt mice \[[@r214]\]. The osteopenia in ARKO(*ACTB-Cre*) mice was attributed to a greater bone resorption rate than bone formation rate. Further microcomputed tomography scan analyses of skull bones from 8 to 10 week old male and female ARKO(*ACTB-Cre*) mice and Wt littermates indicated delayed mineralization of the skull vault, reduced bone volume and surface area, and thickness in the calvaria of both male and female ARKO(*ACTB-Cre*) mice compared to Wt littermates \[[@r94]\]. Histomorphometric analyses indicated that calvaria from 8 week old male and female ARKO(*ACTB-Cre*) mice were significantly narrower in width and had a smaller bone area, osteoid surface, lower osteoblast and osteocyte number, higher osteoclasts per bone area, and lower area of mineralization than Wt littermates.

DHT treatment of organ cultures of neonatal calvaria bones from Wt male mice increased the new bone area by increasing the number of bone-lining osteocytes, suture width, and area of calcification. These effects of DHT were impaired in calvaria bone organ culture of male ARKO(*ACTB-Cre*) mice, suggesting that the loss of the AR suppresses new bone formation and decreases osteoblast activity required for differentiation and mineralization. In primary calvarial osteoblasts, androgen-mediated calcium deposition was significantly decreased in ARKO(*ACTB-Cre*) cells compared to Wt cells. DHT stimulated the expression levels of *AKP2* gene, which encodes tissue non-specific alkaline phosphatase (TNSALP), and the small integrin-binding ligand, N-linked glycoprotein (SIBLING) gene family were found decreased significantly in calvarial cells from ARKO(*ACTB-Cre*) mice compared to cells of Wt mice. These genes were found to be the target of the AR. Moreover, it was shown that the AR mediated the androgen-stimulated increase of TNSALP activity and intracellular inorganic phosphate (Pi) levels in the MC3T3-E1 model of osteoblast differentiation and mineralization and in primary calvarial osteoblasts. Ectopic expression of TNSLP or exogenous Pi partially reversed the decrease in bone formation in both MC3T3-E1 cells with AR knocked down and ARKO(*ACTB-Cre*) primary osteoblasts. Since the function of TNSLP is to increase Pi levels, it was concluded that the AR signaling plays an essential role in bone formation by coordinating the expression of genes associated with Pi regulation \[[@r94]\].

Tsai *et al* observed that male ARKO(*ACTB-Cre*) mice, in comparison with Wt mice, exhibited continuous loss of bone mass and deterioration of bone microarchitectures (decreased trabecular number and increased trabecular separation) in trabecular bones throughout the ages of 6 to 30 weeks old \[[@r194]\]. Analysis of bone marrow stromal cells obtained from Wt and ARKO(*ACTB-Cre*) mice indicated that ARKO(*ACTB-Cre*) bone marrow stromal cells had higher numbers of colony formation unit-fibroblasts (CFU-F), a heterogeneous population of stem and progenitor cells that can be induced to differentiate *in vitro* \[[@r55]\], than Wt cells. Flow cytometric analyses of CFU-F indicated that ARKO(*ACTB-Cre*) cells contained higher proportions of CD44 (marker of mesenchymal stem cells, MSCs) and CD34 (marker of hematopoietic stem cells) positive cells than Wt cells. When MSCs were induced to differentiate into osteoblasts, the expression levels of several genes linked to osteogenesis were decreased in cells isolated from ARKO(*ACTB-Cre*) mice as compared to Wt mice. Thus, we may conclude that AR functions to regulate MSC proliferation and osteogenic differentiation.

Kawano *et al* observed that ARKO(*CMV-Cre*) mice, in which the AR was knocked out in the bone, also exhibited osteopenia with increased bone resorption rate \[[@r96]\]. Testosterone supplementation restored BMD in orchidectomized Wt mice, but only partially in orchidectomized ARKO(*CMV-Cre*) mice. Supplementation with DHT partially restored BMD in orchidectomized Wt mice, but was ineffective in orchidectomized ARKO(*CMV-Cre*) mice. These observations were similar to those made in Tfm mice \[[@r198]\].

Venken *et al* also studied trabecular and cortical bone in intact and orchidectomized Wt and ARKO(*PGK-Cre*) pubertal male mice \[[@r201]\]. They observed that AR knockout or orchidectomy in male mice resulted in similar trabecular bone loss, which was prevented by testosterone or DHT supplementation in orchidectomized Wt, but not ARKO(*PGK-Cre*) mice. The effects of testosterone on trabecular bone in orchidectomized Wt mice was not affected by an aromatase inhibitor. ARKO and orchidectomy also produced decreasing cortical bone thickness and periosteal bone formation. Periosteal bone formation and cortical thickness were increased by testosterone or DHT supplementation in orchidectomized Wt mice, but not in ARKO(*PGK-Cre*) mice. The effect of testosterone on periosteal bone in orchidectomized Wt mice was partially reduced by an aromatase inhibitor that was associated with a decrease in serum IGF-1 level. These observations suggest that AR signaling, but not ER signaling, is required for normal development of trabecular bone, whereas both AR and ER signal cascades are required for optimal stimulation of periosteal bone growth.

MacLean *et al* observed that male AR^-Ex3^(*CMV-Cre*) mice exhibited decreased trabecular volume and number, bone mineralization surface, cortical bone thickness, periosteal, and medullary circumferences compared to Wt males \[[@r120]\]. In contrast, female AR^-Ex3^(*CMV-Cre*) mice displayed only decreased trabecular number, periosteal, and medullary circumferences and an increase in trabecular thickness compared to Wt females. These observations indicated that the AR plays significant roles in bone metabolism in both male and female mice.

Tfm mice with inactivated AR retain long bone length comparable to Wt males, but combining Tfm with loss of the ERα resulted in reduced bone length. On the other hand, either inactivation of AR or loss of ERα or both, resulted in reduced BMD in femoral bone and cortical width of tibia compared to Wt male mice \[[@r190]\]. These results indicated that both the AR and ERα activities are important for maintaining bone mineralization in males. Tfm mice, but not ERαKO males, also had decreased trabecular bone compared to Wt male mice, suggesting that AR signaling is important for maintaining trabecular bone mass \[[@r190]\]. A recent study comparing bone and body composition among ARKO(*PGK-Cre*), ERαKO, ARKO(*PGK-Cre*)/ERαKO double knockout, and in Wt male mice has yielded the same conclusions \[[@r27]\].

The role of AR signaling in anabolic response of bone to mechanical loading was studied by comparing adaptive responses of *in vivo* ulna loading in ARKO(*PGK-Cre*), ERαKO, ARKO(*PGK-Cre*)/ERαKO double knockout, and Wt male mice \[[@r190]\]. It was found that ulna loading induced greater periosteal bone formation in ARKO(*PGK-Cre*) and ARKO(*PGK-Cre*)/ERαKO double knockout than Wt male mice. Ulna loading decreased the expression of SOST/sclerostin, an inhibitor of bone formation \[[@r25]\], to a greater extent in ARKO(*PGK-Cre*) than Wt mice \[[@r47]\]. Thus, the AR-mediated signaling appears to limit osteogenic response to mechanical loading in male mice. Interestingly, Ophoff *et al* reported that voluntary wheel running in ARKO(*PGK-Cre*) mice did not influence body weight, muscle mass, or periosteal bone expansion, but significantly reduced bone turnover and prevented cancellous bone loss due to a preservation of trabecular number \[[@r150]\]. However, the mechanism by which physical activity compensates for the effect of ARKO on bone resorption is not clear at present.

Although the above studies with Tfm, ARKO(*CMV-Cre*), ARKO(*ACTB-Cre*), ARKO(*PGK-Cre*), and ERαKO models have demonstrated that the androgen/AR signaling plays important roles in regulation of pubertal bone growth and maintenance of bone homeostasis, it is unclear how the AR signaling might mediate these functions. As these mice have global inactivation or ablation of AR, generation and study of bone cell type- or tissue-specific ARKO models will be needed to delineate the roles of the AR in bone cells and bone metabolism.

Notini *et al* have generated an osteoblast-specific exon 3-truncated AR mouse model \[[@r142]\] by crossing *Col2.3-Cre* mice \[[@r112]\] with their exon 3-floxed AR mice \[[@r141]\]. The Cre-mediated recombination resulted in truncation of AR exon 3 in mature osteoblasts and the resultant transgenic mice exhibited reduced trabecular bone volume that was associated with a decrease in trabecular number and accompanied by a reduction in connectivity density and an increase in trabecular separation. They concluded that the AR genomic function in matured osteoblasts is involved in maintaining trabecular bone volume by regulating bone resorption in adult mice.

Chiang *et al* employed *osteocalcin-Cre* mice \[[@r220]\] to achieve specific truncation of AR exon 3 in terminally differentiated, mineralizing osteoblasts (Ostbl-AR^-EX3^ mice) \[[@r36]\]. Throughout all ages, the mutant mice displayed reduction in trabecular bone volume, decreased cortical thickness, and abnormal mineralization of bone matrix with increased unmineralized bone matrix and a decrease in the amount of mineralizing surface. The authors concluded that the AR in mineralizing osteoblasts functions to maintain bone by regulating bone resorption and the coordination of bone matrix synthesis and mineralization. However, as these two studies employ AR mutants with exon 3 truncation without total knockout of the AR protein expression, it is not certain that the observed phenotypes were the results of loss of AR genomic function and/or influence of the truncated AR^-ZF2^ protein that is not normally produced in cells. Moreover, the AR has been shown to mediate non-genomic activation of the PI3K/Akt cascade by androgen to influence proliferation of osteoblasts *in vitro* \[[@r93]\], and the truncated AR protein might retain such activity. Together with the recently developed osteoclast-specific Cre mice \[[@r37]\], these mouse models should provide useful tools for generation and study of various bone tissue-specific ARKO mice. Further studies using these bone tissue-specific ARKO mice are expected to lead to full understanding of the AR roles in bone maintenance and eventually to preventive treatment for male hypogonadism-associated osteoporosis and bone fracture.

Sinnesael *et al* have generated an osteocyte-specific ARKO (Ocy-ARKO) by crossing dentin matrix protein 1 promoter-driven Cre (*DMP1-Cre*) mice \[[@r115]\] with exon 2-floxed AR mice \[[@r182]\]. Expression levels of the AR in osteocytes increased with increasing age, but were reduced greater than 80% in Ocy-ARKO osteocytes compared to Wt osteocytes. Compared to Wt mice, Ocy-ARKO mice displayed lower trabecular number and volume in femora and tibia at 32 weeks old and decreased trabecular number in L5 vertebrae at 12 weeks old, whereas no difference was observed in trabecular bone formation or femoral cortical structure. The femora of Ocy-ARKO mice were stiffer and more sensitive to mechanical force-induced failure at 32 weeks old. These observations suggest that the AR in osteocytes plays an important role in maintaining the integrity of trabecular bone and are thus in agreement with a previous report of this AR role \[[@r5]\].

AR roles in development and maintenance of skeletal muscle
----------------------------------------------------------

Androgens are essential for development and maintenance of muscle mass and strength \[[@r29]; [@r35]\]. Exogenous testosterone administration has been shown to increase the muscle mass and leg strength and decrease the fat mass in eugonadal young and aging men \[[@r14]; [@r15]\]. Herbst and Bhasin proposed that androgens promote the commitment of mesenchymal pluripotent cells into myogenic lineage and inhibit adipogenesis through an AR-mediated pathway \[[@r74]\]. AR is expressed in various human and rodent skeletal muscle cell types, including fibroblasts, mesenchymal stem cells, myonuclei, satellite cells \[[@r88]; [@r129]; [@r181]; [@r211]\], and in motor neurons \[[@r211]\]. Based on the fact that several actin-interacting proteins function as AR coregulators, Ting and Chang proposed androgen/AR signaling plays important roles during development and function of skeletal muscle \[[@r189]\]. However, it is not clear at present how the AR in these cells functions to modulate skeletal muscle mass and strength.

Altuwaijri *et al* observed that during *in vitro* differentiation of myoblasts into myotubes, expression of AR and myogenin increased, suggesting that AR signaling might be involved in muscle development \[[@r8]\]. However, when hind limb skeletal muscle from adult ARKO(*ACTB-Cre*) and Wt male mice were compared, there were no differences in muscle morphology, the protein levels of desmin (a muscle-specific protein), or β-dystroglycan (a muscle-specific membrane protein), between the two genotypes, suggesting a normal differentiation of muscle in ARKO(*ACTB-Cre*) mice compared to Wt mice. In contrast, the levels of myosin and troponin I specific for slow-twitch muscle fibers were decreased, whereas that of troponin T specific for fast-twitch muscle fibers was increased in quadricep muscles of ARKO(*ACTB-Cre*) mice compared to Wt mice. Thus, AR might play a role in skeletal muscle development by influencing the balance of muscle fiber type in favor of slow twitch fibers through upregulation of slow-twitch fiber-specific proteins and downregulation of fast-twitch fiber-specific proteins \[[@r8]\].

In the study of the effect of ARKO(*PKG-Cre*) on bone and body composition in male mice, Callewaiert *et al* observed that ablation of the AR resulted in decreased muscle mass \[[@r27]\], suggesting that AR signaling is important for growth and/or maintenance of muscle mass. In addition, MacLean *et al* examined AR^-EX3^(*CMV-Cre*) mice and observed that muscle mass of male, but not female, mutant mice was decreased compared to their Wt counterparts \[[@r119]\]. Male mutant mice failed to develop the levator ani (LA) muscle. Contractile analyses indicated that fast-twitch muscles from male mutants produced less force, whereas their slow-twitch muscles had increased fatigue resistance. Analysis of gene expression in the male mutant muscle indicated that slow-twitch muscle contractile protein was increased. Although some of the phenotypic traits observed in the male mutant mice might be due to loss of AR genomic function, it was uncertain whether perturbation of gene expression by the truncated AR mutant protein might have occurred.

Ophoff *et al* generated a myocyte-specific ARKO (M-ARKO) mouse \[[@r151]\] using *MCK-Cre* \[[@r23]\] and exon 2-floxed AR mice. AR protein expression in muscles from M-ARKO mice was reduced by 60-88% compared to muscles of the corresponding Wt mice. The residual AR expression was attributed to non-myocytic muscle cells. The weight of the LA muscle was significantly reduced by 46%, whereas the weights of other peripheral muscles were not significantly reduced. M-ARKO mice also exhibited lower intra-abdominal fat without alteration in cortical or trabecular bone mass. Compared to Wt mice, muscles of M-ARKO mice displayed increased proportion of slow-twitch fibers and reduced fast-twitch muscle fibers. On the other hand, there were no differences in muscle strength and fatigue between the two genotypes. Similar muscle phenotypes were observed when muscles of ARKO(*PGK-Cre*) mice were compared with the muscles of corresponding Wt mice of the same genetic background. It was concluded that myocytic AR functions to maintain muscle mass and regulate muscle fiber type.

Chambon *et al* also generated male M-ARKO and inducible M-ARKO (ind-M-ARKO) mice \[[@r31]\] using *human skeletal actin-Cre* (*HSA-Cre*), \[[@r125]\]) and *HSA-Cre-ER^T2^* \[[@r172]\] mice, respectively, to cross with exon 1-floxed AR mice. The mass of perineal skeletal muscles, including bulbocavernosus (BC) and LA together (BC/LA), in M-ARKO mice was found to be 50% that of the corresponding floxed AR male mice at age of 6 weeks. The mass of BC/LA increased with age, but the increase in M-ARKO mice was significantly less than the control Wt mice, suggesting a retardation in muscle growth. Ablation of the AR was induced with tamoxifen in ind-M-ARKO mice at 7 weeks old and found to reduce muscle AR expression effectively. After induction of ARKO, the mean mass of BC/LA in ind-M-ARKO mice was 20% lower at 8 weeks old and 25% lower at 25 weeks old than the corresponding tamoxifen-treated control mice, suggesting that AR signaling is required for maintaining adult skeletal muscle. These observations were accompanied with a decreased expression of the IGF-I splice variant, IGF-IEa, which might mediate the effect of AR signaling. In contrast, there were no significant differences between M-ARKO and control mice in limb muscle mass and gross morphology. However, the strength of fast-twitch and intermediate-twitch, but not slow-twitch, muscles were decreased without change in fatigue resistance. The decrease in muscle strength was also observed in ind-M-ARKO mice after tamoxifen induction. Ultrastructural analyses of the affected muscles indicated the disruption of myofibrils in about 10% of sarcomeres from M-ARKO mice with loss of myofilaments, rupture of Z lines, and enlarged sarcoplasm that might be the cause of reduced muscle strength.

AR roles in central nervous system function
===========================================

Sex hormones play an important role in organization and differentiation of neural circuits that mediate many sexually dimorphic behaviors \[[@r139]; [@r155]\] and neuroendocrine functions \[[@r179]\]. The prenatal and neonatal testosterone surges in rodents masculinize neural circuits, leading to an enhancement of male sex behavioral patterns. Sex hormones also exhibit a wide array of neuroprotective and neurotherapeutic effects \[[@r89]; [@r90]; [@r193]\]. The exhibition of feminine behavior by human subjects with CAIS and previous studies in Tfm rodent models have indicated that the AR plays significant roles in masculinization of several sexually dimorphic brain regions and various behaviors, including cognitive processing, sexual behavior, and stress response \[[@r18]; [@r223]\]. Although the AR roles in these neural effects of androgens in males are not clear at present, they can be further delineated by studying various ARKO mouse models.

An early study with ARKO(*CMV-Cre*) mice suggested that perinatal brain masculinization requires AR function \[[@r169]\]. Raskin *et al* generated male N-ARKO by crossing *Nestin-Cre* male mice \[[@r193]\] with female exon 2-floxed AR mice \[[@r161]\]. In male N-ARKO mice the *AR* was selectively knocked out in the brain, including regions important in the regulation of reproduction-related neuroendocrine and behavioral functions, such as mating and aggression. Sexual motivation and performance, as well as aggressive behaviors, in N-ARKO mice were less vigorous with only a low percentage of these mice exhibiting complete sexual behavior and offensive attacks. The erectile activity during mating was also altered, whereas olfactory preference and neuronal activity were normal in N-ARKO mice compared to Wt controls. It was concluded from these observations that central AR signaling is involved in modulation of masculine behaviors and regulation of neuroendocrine functions of gonadotropic and somatotropic axes \[[@r161]\].

In studies with the same male N-ARKO mouse model, Juntti *et al* observed that these mice exhibited decreased sexual and territorial behaviors compared to Wt mice \[[@r92]\] in a similar fashion as reported earlier \[[@r161]\]. However, Juntti *et al* did not observe elevated testosterone levels and growth retardation in their N-ARKO mice \[[@r92]\], which were observations also made by others \[[@r216]\]. Since both labs \[[@r92]; [@r161]\] used the same *nestin-Cre* and AR exon 2-floxed mice to generate N-ARKO mice, the role of central AR in regulation of gonadotropic and somatotropic neuroendocrine functions remains to be clarified. Juntti *et al* also examined the AR expression in the brain of developing mice and found that during testosterone surges in prenatal and neonatal stages, very little AR was expressed in the medial amygdala, bed nucleus of stria terminalis (BNST), and the hypothalmic medial preoptic area \[[@r92]\], which are important in the regulation of reproduction-related neuroendocrine and behavioral functions, such as mating and aggression. These investigators thus concluded that the AR is not involved in regulating organization and differentiation of neural circuits controlling sexual and masculine behavior in mice. Instead, the AR is involved only in modulating the execution of these behaviors.

Apart from modulating brain masculinization and the aforementioned regulation of central insulin and leptin sensitivity, the roles of the AR in other aspects of CNS functions remain to be studied with appropriate CNS region-specific ARKO mice.

AR roles in skin physiology and dermatology
===========================================

The skin contains all the enzymes required to convert the adrenal androgens, dehydroepiandrosterone (DHEA) and dehydroepiandrosterone-sulfate (DHEA-S), into DHT and thus may be a local target of DHT-AR actions \[[@r59]\]. In human skin, the AR is expressed in epidermal keratinocytes, dermal papilla cells, hair follicles, sebaceous gland sebocytes, sweat glands, vascular endothelial and smooth muscle cells, and fibroblasts \[[@r59]; [@r157]\]. Therefore, androgen/AR signaling may well modulate the functions of these cell types and tissues, and affect their involvement in skin physiology and pathophysiology. A previous study has indicated that Tfm mice, in comparison with male Wt mice, displayed decreased collagen content in the skin, kidney, and lung \[[@r122]\], thereby suggesting androgen/AR signaling is involved in modulation of collagen synthesis in these tissues/organs.

Androgens are known to mediate sebum secretion and hair growth. Acne, androgenetic alopecia (male-pattern baldness), and hirsutism are the three main androgen-related diseases in dermatology \[[@r66]; [@r95]; [@r164]\]. It has been known that prepubertal castration prevents androgenetic alopecia and sebum secretion, whereas adult castration stops progression of androgenic alopecia \[[@r66]\]. These effects of castration can be reversed by testosterone supplementation, suggesting that testosterone is involved in these dermatological diseases. Patients without a functional AR retain the sebum profile of preadrenarchal children and never development acne, facial hair, or androgenetic alopecia \[[@r84]\]. It has been found that having the AR with shorter CAG repeats in the exon 1 (hence more active AR) is more prevalent in patients with androgenetic alopecia \[[@r59]\]. In contrast, Kennedy's Disease patients with longer CAG repeats in their *AR* gene have thicker hair than normal men \[[@r180]\]. Furthermore, the AR is expressed in fibroblasts, keratinocytes, and inflammatory cells during wound healing and thus might regulate the inflammation and repair processes involving these cells \[[@r10]\]. These observations suggest that AR is involved in the development of androgen-mediated skin diseases, and development of various ARKO mice models has provided a golden opportunity to study the AR roles in these aspects as presented below.

AR roles in development of hair follicles
-----------------------------------------

In humans after puberty, androgens stimulate the growth of beard, axillary, and pubic hairs, but cause vellus transformation in the frontal scalp hair in some genetic backgrounds, suggesting that the hair follicles have differential susceptibility to androgen/AR signaling. In contrast, hair follicles in the back of the head appeared to be insensitive to androgen/AR signaling \[[@r86]\].

In rat and mice, hair growth is stimulated by gonadectomy and inhibited by testosterone \[[@r44]; [@r49]; [@r48]\] and thus they have androgen sensitivity similar to the frontal scalp of humans. ARKO(*CMV-Cre*) mice were found to grow longer and thicker hair than Wt mice. DHT inhibited hair regrowth in Wt, but not in ARKO(*CMV-Cre*) mice, suggesting that the effect of DHT is mediated by the AR \[[@r136]\]. Thus, hair growth in response to DHT in mouse skin appears to resemble hair growth in the frontal scalp in men. However, in which cell type the AR is involved and the molecular mechanisms of AR modulation remain to be studied.

AR roles in cutaneous wound healing
-----------------------------------

Several studies have indicated that androgen/AR signaling may play an important role in cutaneous wound healing. For instance, androgen deprivation by castration in mice resulted in accelerated wound healing associated with attenuated inflammation that can be reversed by administration of exogenous androgen \[[@r10]\]. Also, the 5α-reductase inhibitor, which blocks conversion of testosterone to DHT, accelerated wound healing similar to castration, dampening the local inflammatory response of the wounds \[[@r10]\]. Attenuation of wound healing and a decline in the permeability barrier homeostasis in elderly individuals are associated with local androgen excess \[[@r10]; [@r58]\] and wound healing in elderly males is slower than elderly females \[[@r10]; [@r58]\]. All these observations suggest that androgen/AR signaling plays a suppressive role in cutaneous wound healing.

A recent study in various ARKO mice has provided some understanding of how androgen/AR signaling might influence cutaneous wound healing \[[@r103]\]. In male ARKO(*ACTB-Cre*) mice, cutaneous wound healing was accelerated with faster re-epithelialization, attenuated inflammation, and increased collagen deposition. Intriguingly, male Myl-ARKO mice showed a similar acceleration of wound healing, suggesting that the AR in inflammatory cells, especially macrophages (as both ARKO models have reduced inflammatory monocytes, see the subsection titled **"AR physiological roles in monocyte/macrophage production and inflammation"**), plays an important role to suppress cutaneous wound repair, as previously suggested \[[@r58]\]. This hypothesis was further confirmed by the reduced wound healing rate in ARKO(*ACTB-Cre*) mice that received Wt bone marrow transplantation (so that only the immune cells at the wound site express the AR). TNFα, which is mainly expressed by infiltrating macrophages, was reduced in ARKO(*ACTB-Cre*) wounds compared to Wt wounds, while local restoration of TNFα could delay wound healing in ARKO(*ACTB-Cre*) mice, implicating TNFα as a critical mediator of AR function in wound healing suppression \[[@r103]\]. Further studies showed that the AR in macrophages could enhance TNFα expression independent of androgen binding to AR, and this effect was possibly mediated through augmenting ERK1/2 activation. Treatment with ASC-J9^®^ to promote AR degradation led to suppressed TNFα expression in macrophages, and this effect could be reflected in the *in vivo* wound healing acceleration after topical ASC-J9^®^ application on Wt mice wounds \[[@r103]\].

The roles of the AR in keratinocytes and dermal fibroblasts in cutaneous wound healing were also studied. In Ker-ARKO mice, the wound healing rate was similar to that in Wt littermates, however, the re-epithelialization was delayed, suggesting that AR in keratinocytes suppresses the proliferation and/or migration of epithelial cells in the cutaneous wounds, but is not critical to suppress the overall repair process. In contrast, there was no difference in wound healing rates between Fsp-ARKO and Wt mice although there was accelerated re-epithelialization in the mutant mice \[[@r103]\].

AR roles revealed in ARKI mouse models
======================================

The ARKO mouse models are useful for studying the effect of losing the AR activity on targeted physiological and pathophysiological processes. However, their use for studying pathophysiological roles of various AR mutants, particularly those with gain of function, are limited. In contrast, ARKI mouse models are particularly useful for studying pathophysiology of genetic diseases involving AR mutations. The number of reported AR mutations has increased steadily and rose from 605 in 2004 \[[@r63]\] to 1,029 in September 2011 \[[@r62]\]. Thus, global ARKI models will be particularly useful for studying pathogenesis of diseases associated with AR germ-line mutations; whereas tissue-specific ARKI models will be useful for the pathophysiological roles of AR somatic mutations. However, only a few ARKI studies have been reported to date and will be discussed below.

Polymorphism in the length of glutamine repeat sequence (poly Q) at the N-terminal domain encoded by the CAG trinucleotide repeat of the *hAR* gene has been implicated in several diseases, including male infertility, Kennedy's Disease (spinal and bulbar muscular atrophy, SBMA), and prostate cancer \[[@r28]\]. The normal poly Q repeat ranged from 9 to 36 residues, while expansion to more than 40 residues results in Kennedy's Disease. The AR transactivation is influenced by the length of the poly Q tract, increasing with shorter repeat length while decreasing with longer poly Q length \[[@r30]; [@r195]\]. Albertelli *et al* generated 3 humanized AR mouse models in which hAR N-terminal domain containing 12, 21 or 48 glutamines were knocked in to replace mouse NTD of *mAR* gene in mouse embryonic stem cells to generate transgenic mice carrying the chimeric ARs, 12Q-h/mAR, 21Q-h/mAR, and 48Q-h/mAR, respectively \[[@r3]\]. All three types of mutant male mice displayed comparable behavior, growth, reproductive morphology, and fertility as Wt littermates. The weights of the SVs in 12Q-h/mAR mice tend to be higher than in mAR mice with increasing age and the differences became statistically significant at 24 months of age. The prostate of all h/mAR mice had normal appearace, although there was a tendency of decreasing AR mRNA and probasin expression, along with increasing poly Q length. Significantly higher expression levels of *NKX3.1* (an AR-stimulated gene) and lower levels of *clusterin* (an AR-suppressed gene) were observed in 48Q-h/mAR, compared to mAR and the other mutant mice, suggesting reduced AR activity. These observations suggested that, similar to the *in vitro* observations \[[@r30]; [@r195]\], the *in vivo* AR activity might be inversely related to the poly Q length, a notion subsequently confirmed in these h/mAR mutants \[[@r177]\]. Interestingly, after crossing with TRAMP mice, 12Q-h/mAR/TRAMP mice exhibited significantly higher tumor incidence than mAR/TRAMP and 21Q-h/mAR/TRAMP mice, which were comparable, whereas 48Q-h/mAR mice had significantly lower tumor incidence than Wt TRAMP mice \[[@r3]\]. Thus, this observation fits well with the observations made in AR(E231G) transgenic mice \[[@r67]\] and hARKI(Osr1-Cre) mice \[[@r221]\].

Yu *et al* generated 113Q-h/mAR mice \[[@r219]\] using the same strategy as Albertelli *et al* \[[@r3]\]. Male 113Q-h/mAR mice displayed testis atrophy, reduced fertility, and systemic signs (high LH, low FSH) of partial androgen insensitivity that occur in Kennedy's Disease patients. Testes of 113Q-h/mAR mice exhibited morphological abnormalities of germ cell maturation, decreased intracellular mutant AR solubility, increased apoptotic cells, and abnormal Sertoli cell cytoskeleton. Further study of 113Q-h/mAR mice indicated that they also developed neuromuscular pathology \[[@r218]\]. Thus, male 113Q-h/mAR mice were smaller and had weaker muscle strength than Wt mice and their skeletal muscle displayed both neurogenic and myogenic pathology including age-dependent increase of AR immunoreactive nuclear inclusions in the skeletal muscle fibers. Eighty percent of male 113Q-h/mAR mice died between 2 to 4 months of age and this was caused by obstruction of the urinary tract. Castration of 113Q-h/mAR mice improved their muscle strength and prolonged their survival, suggesting that their neuromuscular pathology and motility were due to androgen-dependent AR poly Q-mediated defects.

Conclusions and future prospects
================================

From the studies of the many ARKO mouse models summarized in this article, it can be concluded that the AR indeed plays many important physiological and pathophysiological roles in various organs and tissues. Although studies in Tfm and global ARKO mice have provided some useful information about the involvement of the AR in a particular physiological function, the studies in various cell type- or tissue-specific ARKO mice provided more conclusive results pertaining to the AR roles. However, it is important to ensure that the Cre mouse is really cell type- or tissue-specific and the floxed AR mice have no inherent abnormal phenotypes for generation of these specific ARKO mice. It should also be noted that the endogenous hormone level changes due to AR knockout in the mice may affect the phenotypes of the mice developed. So, careful interpretations should be made. However, tissue levels of testosterone or E2 have not been determined except for a few ARKO models.

Although various studies of ARKO mice, particularly the cell type- or tissue-specific ARKO mice, have established AR physiological roles in several organs/tissues, there are many aspects of AR physiological roles remaining to be elucidated. In addition, most of the mechanisms by which AR regulates physiological and pathophysiological phenotypes have not been studied in detail, so these mechanism studies using these valuable mouse models may be another important thing that needs to be done. The possible involvement of AR non-genomic function needs to be investigated, particularly when expression changes of certain non-AR target genes are associated with the observed phenotype of a specific ARKO mouse. In the cases in which interaction of AR signaling cascade with another nuclear receptor cascade is involved, proper double knockout mice need to be developed and studied to delineate the exact AR roles.

Most importantly, we need to be careful as to how we apply results from these mice studies to human cases.

**Grant support:** NIH Grants (CA127300 and CA156700), and Taiwan Department of Health Clinical Trial and Research Center of Excellence Grant DOH99-TD-B-111-004 (China Medical University, Taichung, Taiwan). **Disclosure summary:** ASC-J9^®^ was patented by the University of Rochester, the University of North Carolina, and AndroScience, and then licensed to AndroScience. Both the University of Rochester and C.C. own royalties and equity in AndroScience.

AAA

:   abdominal aorta aneurysm

ACTB-Cre

:   human β-actin-Cre

ADT

:   androgen deprivation therapy

aP2

:   adipocyte protein 2

AR

:   androgen receptor

ARKI

:   androgen receptor knock-in

ARKO

:   androgen receptor knockout

BC/LA

:   bulbocavernosus (BC) and levator ani (LA)

BMD

:   bone mineral density

C/EBP

:   CCAAT/enhancer-binding protein

CAG-Cre

:   chicken β-actin promoter driven-Cre

CAIS

:   complete androgen insensitivity syndrome

CMP

:   common myeloid progenitors

*CMV-Cre*

:   Cytomegalovirus promoter driven-Cre

DBD

:   DNA binding domain

DHEA-S

:   dehydroepiandrosterone-sulfate

DHT

:   5α-dihydrotestosterone

*ella-Cre*

:   EIIa promoter driven-Cre

*fsp1-Cre*

:   fibroblast-specific protein 1 promoter-driven-Cre

GMP

:   granulocyte/macrophage myeloid progenitors

LBD

:   ligand binding domain

NO

:   nitric oxide

*Osr1-Cre*

:   odd-skipped related 1 promoter driven-Cre

PBMC

:   peripheral blood mononuclear cell

PCOS

:   polycystic ovary syndrome

*PGK-Cre*

:   phosphoglycerate kinase-Cre

PPAR

:   peroxisome proliferation activated receptor

SREBP

:   sterol regulatory element-binding protein

*Sycp1-Cre*

:   synaptonemal complex protein 1 promoter driven-Cre

TECs

:   thymic epithelial cells

Tfm

:   testicular feminization

UCP1

:   uncoupling protein 1

WT

:   wild type
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